In this work we have investigated the tribological properties of embedded solid lubricant coatings and compared them to monolithic and alloy films of the same constituents. Lithographic patterning methods were used to create twocomponent coatings in which columns of MoS 2 were embedded in a Ti matrix. Coatings were deposited using rf sputter deposition, and co-deposition of MoS 2 and Ti was used to deposit the alloy coatings. A pin-on-disk (POD) test was used to examine the frictional behavior and mechanical stability of the coatings, and was carried out in both low and high humidity conditions. Optical and scanning electron microscopy (SEM) was used to examine the morphology of the wear track after the POD test. Coatings of MoS 2 alone were found to perform well under low-humidity conditions, but poorly under high humidity. Alloying of MoS 2 with Ti was found to provide some improvement under high humidity. The patterned film, which consisted of 2 µm diameter pillars of MoS 2 , spaced 10 µm apart and embedded in a Ti film, was found to exhibit friction and wear properties superior to either Ti or MoS 2 alone. The coatings investigated here have potential applications for cutting tools and metal forming dies that will enhance tool life and reduce the energy expended due to frictional forces.
INTRODUCTION
Manufacturing processes used to cut and shape metals can involve severe high-speed and high-temperature surface interactions between the work piece and cutting tool or die. Coatings for tools and dies can provide reduced friction and improved tool life. Two types of coatings that have been investigated are hard, inert coatings and solid lubricant coatings. Solid lubricant coatings are attractive because they can reduce friction-generated heat. MoS 2 is a common solid lubricant. However, the use of MoS 2 can be limited by excessive wear, as well as a friction coefficient that is sensitive to humidity [1] . Nonetheless, several studies on solid lubricant coatings demonstrated success in lubricating dry sliding contacts over very long periods in pin-on-disk or reciprocating sliding experiments [2] . Further studies [3] [4] showed that reservoirs developed where lubricant storage can take place, such as on the ball, around the perimeter of the wear scar, or at the terminal points of a reciprocating wear track. We have extended this concept to design coatings with artificially created lubricant storage within the coating by using lithographic and other patterning methods to create a pattern of solid lubricant columns within a hard coating.
In this paper we present results on patterned coatings and compare them to alloyed and monolithic single phase coatings.
EXPERIMENTAL METHODS
Films of MoS 2 , Ti, and MoS 2 -Ti alloys were all deposited by sputter deposition. Deposition was carried out by rf sputtering in a high vacuum chamber (base pressure 5 x 10 -7 Torr) that was backfilled with 8 mT Ar gas during sputtering. Films were deposited on Si and 440C steel substrates at room temperature. For the MoS 2 and MoS 2 -Ti alloy films, a bond layer of approximately 30 nm of Ti was first deposited on the substrate. Total film thickness was in the range of 0.5-1 µm. A substrate bias of -40V was used for all films. MoS 2 -Ti composite films were fabricated using patterned Si wafers. These wafers were created using photolighography, which resulted in a "pillar" structure consisting of a square grid arrangement of photoresist pillars that were 2 µm in diameter, 1 µm in height and spaced 10 µm on center (see [5] for details on this process). A Ti film 0.6 µm thick was deposited on this patterned structure, and the photoresist pillars were then removed by sonicating in acetone, leaving the 2 µm diameter holes in the film. A second deposition was carried out to fill these holes with MoS 2 . The tribological properties of the deposited films were analyzed using a pin-on-disc (POD) test apparatus. All tests were carried out using a 440C 6.25 mm diameter steel ball as the counterface. The tests were run using a load of 1 N and speed of 135 rpm, with track diameters between 1 and 1.5 cm. The environment was air, but the humidity was set at either a low humidity (LH) range of 25-35 % r/h, or a high humidity (HH) range of 65-75% r/h. During the test the sliding force was monitored and recorded every 3 seconds in order to determine the friction coefficient vs. number of cycles. After the test, the sample was examined using both optical and scanning electron microscopy.
RESULTS AND DISCUSSION
Film compositions analyzed by EDS analysis are shown in Table I , along with the Mo/S ratio for all films. With the exception of TiMo-1 the films appear substoichiometric with respect to S content. The patterned film (TiMo-P) was examined in the SEM, and a cross-section of the as-deposited film on Si is shown in Fig. 1 . X-ray diffraction was also carried out for these films, and the results showed the films were mostly amorphous. Tribological testing of the MoS 2 films was carried out under dry and humid conditions. For the dry condition, the friction coefficient remained at 0.08 ± 0.02 for 8,000 cycles, at which point the test was terminated. Under humid conditions, the friction coefficient started at 0.2 and rose to 0.5 ± 0.2 after 5000 cycles. This test confirmed the well-known effect of humidity on the frictional behavior of MoS 2 films [1] . The frictional behavior of the MoS 2 -Ti alloy films were also tested under both low and high humidity conditions. Under low humidity conditions, sample TiMo-1 maintained a low friction coefficient (0.1) while sample TiMo-2 was slightly higher in friction (0.18). Under high humidity conditions, the film TiMo-1 had a reasonable friction coefficient (average near 0.2) but had a high scatter compared to the result for the same film under low humidity conditions. TiMo-2 appeared worse and the test was terminated after 3500 cycles. Overall, the addition of a smaller amount of Ti (13.6%) improved frictional behavior under high humidity conditions, but did not completely nullify the effects of humidity. Figure 2 shows the results for the patterned MoS 2 -Ti film (on Si substrate) and others under low humidity conditions. The patterned film maintained a low friction coefficient of 0.1 for the duration of the 8000 cycle test. The test result for the Si substrate is shown, and a similar result is obtained for MoS 2 on Si, which indicates the film had worn through to the Si substrate. A film of Ti on steel is also shown, and this film exhibited a very short life. Therefore, for films on Si, the patterned MoS 2 -Ti film gave a longer wear life and a lower friction coefficient than either of the constituent films alone. 
